INTRODUCTION
It is essential to control for error between samples when measuring RNA expression. This error can be introduced at a number of stages throughout the experimental protocol (input sample, RNA extraction, reverse transcription, etc.). There are many methods to control for this error. One approach is to normalize to total RNA. However, this requires a reliable RNA quantification method and fails to take into account the variability of the reverse transcription and other steps. A widely used alternative is to normalize RNA levels to an internal reference or housekeeping gene (1) .
The expression levels of reference genes should remain constant between the cells of different tissues and under different experimental conditions (2) . If these requirements are not fulfilled, then normalization to varying internal references can lead to increased "noise" or erroneous results (3) . If the chosen housekeeping gene fluctuates randomly between samples, then small differences between genes of interest will be missed. Furthermore, if the experimental condition causes a directional change in the housekeeping gene, the subsequent normalization will cause an erroneous result. This was shown in a study of human asthma, where target gene expression between experimental groups became falsely different when β-actin was used as a normalizer (4) . It was in fact the β-actin rather than the target gene that was changing (4) . More recently, it has become clear that housekeeping genes like β-actin and glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) may be inappropriate as internal references because of their variability (5) . Appropriate validation of internal references is therefore crucial to avoid misinterpretations of study findings.
Our experimental protocols will be transferred to sites in the developing world as part of a program to build research capacity (http://www. eubusiness.com/funding/research/ rtd01_en.htm). We therefore required a method with simplicity and relatively low cost. The housekeeping gene method of normalization was chosen for this reason. Our main genes of interest specify cytokines that have low RNA expression (6) . Consequently, we anticipate that differences between study groups may be small. Therefore it was important to find an internal reference that had minimal variability. Previous reports have used conventional housekeeping genes in models of tuberculosis (TB) to normalize for differing amounts of input RNA (7-9), but there has been no report of studies to check the validity of these housekeeping genes in TB or in in vitro lymphocyte cultures. We used real-time reverse transcription PCR (RT-PCR) to study the levels of 13 housekeeping genes expressed in whole blood and peripheral blood mononuclear cell (PBMC) culture of healthy volunteers and patients with TB. Housekeeping genes were selected from those usually used and others found to be invariant in human T cell culture (10). Here we report a validation exercise to identify the most suitable housekeeping gene in studies of pulmonary tuberculosis (PTB).
MATERIALS AND METHODS

Patients and Samples
Clinical samples (n = 28) were taken from four patients with smear-positive PTB, four healthy individuals, and the cells harvested from PBMC cultures of four additional patients with PTB. In order to maximize variability, we chose subjects of different ages (from 26 to 50 years), sex, and ethnicity (Caucasian, Somalian, Indian, Chinese, Filipino, and Black African). Informed consent was obtained from patients, and the relevant hospital ethics committees approved the study.
Whole blood (20 mL) was taken, and 2.5 mL was immediately transferred into PreAnalytiX PAXgene™ blood RNA tubes (Qiagen, Valencia, CA, USA) to fix the mRNA expression profile (11) . The remaining blood was transferred to a heparinized container and transported in a thermo flask at 37°C. Heparinized blood was incubated at 37°C for a further 4 h on reaching the laboratory, after which a further 2.5-mL sample was transferred to a PAXgene tube.
Blood taken from four of the patients with PTB was layered over a Ficoll-Paque ® gradient (Amersham Biosciences, Piscataway, NJ, USA) and the PBMCs isolated. PBMCs were cultured in triplicate in RPMI (supplemented with 5% human AB serum, glutamine, and penicillin-streptomycin) at a cell concentration of 1 × 10 6 cells/mL (final volume of 0.5 mL) in 24-well plates. Cells stimulated with TB antigen (12) and harvested at baseline and days 2/3. Days 4/5 were used for housekeeping gene expression studies. Control wells were challenged with phytohemagglutinin, Mycobacterium vaccae sonicate, or no antigen. Cell viability was assessed at each harvest with trypan blue, and a proliferation assay was performed on days 4/5 to quantify the proliferative response to antigen challenge [bromodeoxyuridine (BrdU) cell proliferation enzyme-linked immunosorbent assay (ELISA); Roche Applied Science, Indianapolis, IN, USA].
Selection of Housekeeping Genes
We first studied the gene expression levels of 10 housekeeping genes (designated group 1) using a commercially available assay (TaqMan ® human endogenous control plate; Applied Biosystems, Foster City, CA, USA) (13). The 10 genes investigated in this assay are shown in Table 1 . We selected group 2 genes as they were among 47 out of 535 maintenance genes found by microarray data to be relatively stable in 11 different human tissues (14) , and since they were found to be invariant in human CD4 T cell cultures from cord blood (10) .
Our aim was to identify a housekeeping gene with minimal variability under our different experimental conditions. As some of the genes of interest are low-copy number cytokines, we anticipated that a significant change between study groups was likely to be small. Therefore, a standard deviation of less than 2-fold from the mean expression level of the gene was chosen as a requirement for suitability as a reference gene.
We did not use ribosomal subunit RNAs as housekeeping genes, as we used oligo(dT) as a primer for cDNA synthesis, and compared to specific downstream primers, random hexamer primers have been shown to overestimate mRNA copy numbers by up to 19-fold (15) .
Isolation of RNA and cDNA Synthesis
RNA was isolated from whole blood collected in PAXgene tubes using the PreAnalytiX PAXgene blood RNA kit (Qiagen) and from harvested PBMCs using the RNeasy ® Mini kit (Qiagen). All samples were DNase (Qiagen) treated. The RNA template was qualitatively assessed and quantified using an Agilent 2100 Bioanalyzer with the RNA 6000 Nano Labchip ® kit for blood-derived RNA and the RNA 6000 Pico Labchip kit for culture-derived RNA (all from Agilent Technologies, Palo Alto, CA, USA). Total RNA extraction varied from approximately 1-5 μg for blood and 0.1-0.8 μg from 5 × 10 5 cells. To study the effect on housekeeping gene expression, we used a fixed amount of input RNA for each cDNA reaction. Limited RNA quantities dictated input RNA amounts to be 600 ng for PTB patients, 400 ng for healthy volunteers, and 3 ng for the PBMC culture reactions. Reverse transcription reactions were performed following the manufacturer's instructions using Omniscript ® Reverse Transcriptase (Qiagen) for blood-derived RNA and Sensiscript ® Reverse Transcriptase (Qiagen) for culture-derived RNA in 60-μL reactions.
Real-Time PCR
The PCRs for group 1 genes were performed using the ABI Prism ® 7700 Sequence Detection System (Applied Biosystems). In each reaction, approximately 15 and 0.1 ng of reverse-transcribed RNA (based on the initial RNA concentration) was used for blood and cell culture PCRs, respectively. The TaqMan endogenous control plate assay was used according to the manufac- RESEARCH REPORT turer's instructions, with the exception of the 18S ribosomal RNA reaction, which was omitted (initial step of 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min, in a 50-µL reaction volume). Using these parameters, the reaction efficiency approaches 100%. The primer and probe sequences for group 2 were obtained from previously published work (10) . These sequences are shown in Table 2 . Primers and probes were synthesized by MWG (Ebersberg, Germany) and Sigma-Genosys Ltd. (Cambridgeshire, UK), respectively, with the exception of human acidic ribosomal protein (HuPO), which was purchased from Applied Biosystems (Assays-on-Demand™). Primers and probes were used at 500 and 300 nM, respectively, in a 50-μL reaction. The reactions were performed on the 7700 Sequence Detection System with the same parameters as the group 1 genes. Reaction efficiencies for group 2 genes (range of 96%-100%) were derived from serial dilutions of purified PCR product. Amplification of the correct product was confirmed by using the Agilent 2100 Bioanalyzer (with the DNA 500 Labchip Kit; Agilent Technologies) (16) . All reactions were run in duplicate, and cycle threshold (C t ) values for group 1 genes were normalized to the internal positive control (IPC) to control for interplate variability. HuPO measurements were used to compare the results between groups 1 and 2. Nontemplate controls were used as recommended (5) .
Data Presentation and Calculations
In PCRs with efficiencies approaching 100%, the amount of internal reference gene relative to a calibrator (fold change between two C t values) is given by the equation (17):
At a reaction efficiency of 100%, 1 cycle (expressed as C t in real-time PCR) corresponds to a 2-fold change. The variability of individual housekeeping genes were reflected as standard deviation and ranges, expressed as an average fold change from the mean or as a maximum fold change (maximum variability), respectively.
RESULTS
Housekeeping Gene Expression in Whole Blood
The median expression level (C t value) of group 1 and group 2 housekeeping genes for whole blood (n = 16) are shown in Figure 1 (A and B) . Also shown are C t 25th and 75th percentile values and ranges for each housekeeping gene. Figure 2 shows the standard deviation expressed as a fold change from the mean and range expressed as maximum variability for selected housekeeping genes in whole blood.
The most stable housekeeping gene in whole blood was HuPO, with an average fold change of <2 and a maximal variability of <5-fold. There was considerably greater variability for GAPDH, β-actin, and hypoxanthine 
Housekeeping Gene Expression in PBMC Culture
The median expression levels (C t value) of group 1 and group 2 housekeeping genes for PBMC culture (n = 12) are shown in Figure 3 (A and B) . Figure 4 shows the C t values expressed as fold changes. The most stable housekeeping genes in PBMC culture were HuPO and HPRT with an average fold change of <2 and a maximal variability of approximately 5-fold each. The most variable genes were GAPDH, β 2 -microglobulin, β-actin, and elongation factor 1-α (EF-1-α) with an average fold of >2 and a maximum variability of 20-to 35-fold.
DISCUSSION
A study of the expression levels of 13 housekeeping genes in patients with TB revealed only one gene suitable for normalization of RNA levels. According to our selection criteria of <2-fold, HuPO was the most suitable gene overall (blood and PBMC culture). GAPDH and β-actin did not satisfy our suitability criteria and had an unacceptably high maximal variability. Moreover, genes found to be invariant in mitogen-stimulated human T cell cultures (10) were found to be unsuitable when studied in human PBMC cultures stimulated with TB antigen. Other genes like HPRT were more variable in whole blood than in proliferating PBMC cultures. This report shows that housekeeping genes are highly specific for a particular experimental model, and validation for each situation, on an individual basis, is a crucial requirement.
Housekeeping genes can be variable and prone to directional shifts induced by experimental conditions, thereby causing problems for reliable normalization. An alternative is normalization to total RNA. This approach avoids the controversies and validation of housekeeping genes. However, it does not control for error introduced by the reverse transcription and other steps and requires significant amounts of RNA. More importantly, there must be an accurate and reliable method of RNA quantification. This can be problematic when a spectrophotometer is used because of instrument insensitivity, signal contribution by contaminants, residual DNA despite DNAase treatment, and unreliability at concentrations below 100 ng/μL (3, 5) . We have found the Agilent 2100 Bioanalyzer to give consistent results between group 1 and group 2 genes, and it is generally considered to be more reliable than a spectrophotometer (5). The analyzer, however, is expensive and may not be widely available, especially to laboratories in developing countries where the burden of TB is the highest, and there is an urgent need to build research capacity.
The data presented here describe a practical alternative to RNA normalization and address some of the prob- In order to create maximum variability, we used subjects of different ages, sex, and ethnic backgrounds. We also used different tissues or cell types sampled at different time points, which included cells challenged with TB antigen. Our selection of subjects and time points mirrored experimental protocols that we propose to use in our laboratory to study cytokines. We found that the housekeeping gene variability in blood was largely due to inter-individual differences. There was surprisingly little difference in gene expression levels at 4 h in the samples of both healthy and TB patients, considering that these samples had been subjected to in vitro storage conditions for several hours. It is possible that the expression of highly regulated genes [e.g., cyclooxygenase-2 (COX2)] would have shown a large variability between time points. Compared to blood, the variability in culture was due to both inter-individual differences and differences between different culture time points. These differences were not patient specific.
We found that using the Applied Biosystems' commercial plate was a convenient way to do our initial screen because these genes vary in expression levels and cover a wide range of biological functions. We selected group 2 genes to increase the number of genes considered in our validation exercise. A variability of 2-fold was chosen, as some cytokines [e.g., interleukin 4 (IL-4)] are both expressed and biologically functional at low levels (17) . A one-log difference is significant in human models of TB (19) . A housekeeping gene with wider variability would increase the assay noise, hence limiting sensitivity.
In conclusion, HuPO is suitable for use as a housekeeping gene in models of human PTB when gene expression is studied in whole blood and PBMC cultures. GAPDH and β-actin are unsuitable for this purpose. Whatever strategy is used to control for differences in input RNA it must be validated for a particular experimental model on an individual basis. This is to avoid significant inaccuracies when quantifying target gene expression. 
